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refugial	 isolation	and	mix	as	 their	 ranges	expand	and	overlap.	The	











contemporary	Europe	 (Chapron	et	 al.,	 2014).	Despite	 this	 fact,	 its	
distribution	has	contracted	during	historical	times	due	to	habitat	loss	





(Ciucci	 &	 Boitani,	 2008;	 Palomero,	 Ballesteros,	 Herrero,	 &	Nores,	
2006;	Randi,	Gentile,	Boscagli,	Huber,	&	Roth,	1994).	Concern	about	






&	 Masuda,	 2014;	 Taberlet	 &	 Bouvet,	 1994;	 Taberlet,	 Swenson,	
Sandegren,	&	Bjarvall,	 1995).	This	has	been	explained	by	a	 strong	
philopatry	observed	in	female	bears,	restricting	their	dispersal	and	
thereby	 the	 spread	 of	 mitochondrial	 lineages	 (Stoen,	 Zedrosser,	
Saebo,	&	Swenson,	2006).	The	mitochondrial	diversity	in	Europe	is	
divided	into	a	western	(clade	1)	and	an	eastern	clade	(clade	3),	meet‐





































addition	 to	climate,	 anthropogenic	 impact	and	 inter‐specific	 competition	may	have	
had	more	important	effects	on	the	brown	bear's	ecology,	demography,	and	genetic	
structure	than	previously	thought.
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Although	 the	 E/C	 model	 and	 the	 hypothesis	 of	 isolated	 refu‐




studies,	 the	mitochondrial	 sequences	obtained	 from	ancient	bears	

























Ancient	 DNA	 studies	 of	 brown	 bears	 have	 consequently	 pro‐
vided	indications	of	a	different	phylogeography	in	the	past	than	that	































further	wanted	 to	estimate	 changes	 in	diet	 over	 the	 same	period,	
through	the	study	of	stable	isotopes,	and	relate	these	to	ecological	
changes	affecting	the	species.
2  | MATERIAL S AND METHODS









2.1 | Ancient DNA extraction and amplification
DNA	 extraction	 and	 PCR	 setup	 were	 performed	 at	 the	 Swedish	
Museum	 of	 Natural	 History	 (NRM)	 in	 Stockholm,	 in	 a	 labora‐
tory	 exclusively	 used	 for	 ancient	 DNA.	 All	 handling	 was	 carried	
















for	 30	s,	 annealing	 for	 30	s	 at	 58–62°C,	 followed	 by	 extension	 at	
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72°C	for	30	s.	A	final	extension	step	at	72°C	for	7	min	was	included	





To	 resolve	 the	 effects	 of	 DNA	 damage	 and	 monitor	 con‐
tamination,	 negative	 controls	 were	 routinely	 incorporated,	 and	
amplifications	 were	 repeated	 at	 least	 once	 to	 confirm	 the	 final	
consensus	 sequences.	 Final	 sequencing	was	performed	on	 an	ABI	
3130xl	Genetic	Analyzer	(Applied	Biosystems	Inc.).
2.2 | Radiocarbon dating and stable isotope analysis
A	subset	of	72	brown	bear	samples	that	produced	PCR	products	for	
the	two	fragments	and	contained	enough	material	were	resampled	
for	 collagen.	We	performed	 pretreatment	 and	 collagen	 extraction	
as	well	 as	 the	 final	 radiocarbon	dating	at	 the	Oxford	Radiocarbon	
Accelerator	 Unit	 (ORAU)	 in	 Oxford,	 UK.	 Two	 additional	 samples	
were	 submitted	 to	 Beta	 Analytic	 (London	 BioScience	 Innovation	
Centre)	for	radiocarbon	dating.	To	avoid	surface	contaminants,	the	
samples	were	meticulously	cleaned	before	homogenization.	Internal	
contamination	 from	 sedimentary	 carbonates	 and	 humic	 acids	was	
removed	 with	 an	 acid–base–acid	 treatment	 and	 rinsing	 in	Milli‐Q	
deionized	water.	All	samples	were	pretreated	employing	ultrafiltra‐
tion	 (Brown,	 Nelson,	 Vogel,	 &	 Southon,	 1988;	 Higham,	 Jacobi,	 &	
Ramsey,	 2006),	 and	 dating	was	 performed	 using	 accelerator	mass	
spectrometry	 (AMS)	 (Brock,	Higham,	Ditchfield,	&	Ramsey,	 2010).	
Measures	of	stable	carbon	(δ13C)	and	nitrogen	(δ15N)	isotopes,	which	
can	be	used	to	 infer	diet	 (Schoeninger	&	DeNiro,	1984),	were	also	
obtained	 in	 association	with	 the	 dating	 process.	 These	 data	were	
compiled,	 together	with	published	measurements	 available	 on	 an‐
cient	brown	bears	from	the	British	Isles	(Edwards	et	al.,	2014;	Jacobi	
&	Higham,	2008),	Scandinavia	(Fornander,	Eriksson,	&	Lidén,	2008;	
Salmi,	 Äikäs,	 Fjellström,	 &	 Spangen,	 2015),	 and	 central/western	
Europe	 (Bocherens,	 2015;	Döppes	&	Pacher,	 2014;	Döppes	 et	 al.,	
2008,	2010;	Münzel	et	al.,	2011).	In	order	to	compare	the	diet	of	Late	
Pleistocene	brown	bears	with	contemporary	cave	bears,	 a	 smaller	
set	 of	 published	 isotope	 data	 from	 the	 latter	 species	was	 also	 in‐










isochronous	 maps	 of	 haplotype	 distributions.	 To	 estimate	 struc‐







model	 of	 nucleotide	 substitution	 was	 applied	 after	 selection	 in	













ing	was	 successful	 for	64	out	of	72	brown	bear	 samples,	 as	 eight	
samples	did	not	yield	sufficient	amounts	of	purified	collagen.	Of	the	












resented	 among	 the	 dated	 samples.	 In	 order	 to	 include	 as	 many	
published	ancient	sequences	as	possible,	the	alignment	was	slightly	
trimmed	down	to	193	bp.
3.1 | Genetic relationships of mtDNA haplotypes
Both	the	phylogeny	and	the	network	analysis	showed	a	clear	division	
between	clades	1,	2,	and	3	(Figures	1	and	2).	A	branch	representing	Late	






representing	 bears	 predominantly	 from	 northern	 and	 southwestern	
Europe.	A	similar	modality	was	also	seen	in	other	haplotypes,	especially	
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Interestingly,	 the	 new	 samples	 belonging	 to	 clade	 1	 deviated	
from	the	previous	strong	geographical	pattern	seen	today	in	Europe.	






Pleistocene	 samples	were	 found	within	 clade	 1,	 but	 showed	 little	
geographic	structure.
clade	 3	 displayed	 less	 diversity	 and	 was	 dominated	 by	 the	
modal	 haplotype	 3.1,	 which	 was	 represented	 in	 all	 time	 pe‐
riods.	 Before	 the	 LGM,	 there	 was	 a	 branch	 of	 more	 divergent	
haplotypes	 across	 western	 Europe	 (3.18/24/26),	 but	 besides	
3.1,	 almost	 no	 haplotypes	 within	 this	 clade	 showed	 a	 contin‐
uation	 through	 the	 LGM.	Haplotype	 3.2	 is	 the	 only	 exception,	
found	in	bears	on	the	British	Isles	before	the	LGM	as	well	as	 in	
Scandinavia	from	historical	times.
3.2 | Range dynamics and recolonization process
In	contrast	 to	 the	current	eastern	distribution	of	clade	3,	bears	
belonging	 to	 this	 clade	 were	 present	 in	 central	 and	 western	
Europe	before	the	LGM,	including	the	British	Isles	(Figures	3	and	
4).	 Even	 one	 of	 the	 most	 ancient	 remains	 from	 the	 North	 Sea	
(NS5),	dating	to	beyond	c.	50,000	cal.	B.P.	belonged	to	clade	3.	
clade	1b	was	also	represented	among	the	oldest	remains,	occur‐
ring	 from	 Ireland	 in	 the	west	 to	 the	Caucasus	 in	 the	east.	Both	
clades	1	and	3	were	thus	present	across	Europe	with	a	high	de‐
gree	of	genetic	variation,	but	with	no	apparent	geographic	struc‐




During	 the	 LGM,	 a	 contrasting	 structure	 emerged,	 suggesting	
that	a	turnover	had	taken	place.	Few	samples	were	represented	from	
this	period,	but	all	samples	outside	the	Iberian	Peninsula	belonged	
to	 subclades	1a	or	 1c	 (Figures	3	 and	4).	 The	oldest	 bears	 belong‐
ing	to	subclade	1a	were	found	in	Belgium	and	France,	and	dated	to	
23,675	and	23,155	cal.	B.P.,	respectively	(Mj7	&	Pa19,	Figures	3	and	
4).	At	 the	end	of	 the	LGM,	an	 increase	 in	diversity	was	seen	once	
again	(Table	1),	with	the	reappearance	of	clade	3	and	subclade	1b.	











B.P.,	 when	 a	 significant	 increase	 followed,	 which	 lasted	 into	 the	
Holocene.	Finally,	in	the	mid‐Holocene,	a	sharp	and	almost	ten‐fold	




















samples	dated	 to	before	 and	during	 the	 LGM	deviated	 from	 this	
pattern.	 Two	 remains	 from	Belgian	 cave	 sites	 dated	 to	 the	 LGM	
(Mj7	&	J11.1)	exhibited	comparatively	low	mean	δ15N	values	(just	










F I G U R E  2  Phylogeny	from	the	BEAST	analyses	using	maximum	clade	credibility,	based	on	two	sets	of	100	million	trees	combined	from	
the	posterior	distribution.	Stars	indicate	nodes	with	posterior	support	above	90%.	Branches	are	colored	according	to	geographic	regions.	
Samples	(n	=	743)	were	restricted	to	Europe.	Partial	sequences	and	those	with	unspecified	age	were	excluded














Peninsula,	 it	 even	 seems	 likely	 that	 the	 extant	 brown	 bears	 here	





























European	 mammals,	 such	 as	 red	 fox	 (Vulpes vulpes)	 and	 red	 deer	
(Cervus elaphus)	(Edwards	et	al.,	2012;	Meiri	et	al.,	2013).	The	intro‐
gression	of	mitochondria	from	polar	bear	into	Irish	brown	bears	has	
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The	 nature	 and	 stability	 of	 habitats	 available	 as	 far	 north	 as	
Belgium	during	the	LGM	are	difficult	 to	determine.	Two	of	 the	ra‐
diocarbon‐dated	 samples	 from	 Belgium	 (Mj7	 &	 J11.1),	 sharing	
haplotype	 1a,	 were	 separated	 by	 c.	 2,000	years,	 which	 indicates	
a	prolonged	occurrence	of	the	same	population	 in	this	region.	 It	 is	
however	difficult	 to	estimate	population	sizes	or	densities	 for	 this	
population	given	the	limited	data	at	hand.	Brown	bears	are	very	flex‐
ible	 in	 terms	of	 habitat	 choice	 and	 it	 is	 known	 that	modern	bears	
roam	the	arctic	tundra,	but	at	lower	population	densities	compared	
to	further	south	(Ferguson	&	McLoughlin,	2000).	It	might	thus	have	
been	 possible	 for	 a	 small	 and	 scattered	 population	 to	 maintain	 a	




that	 two	 cold‐adapted	 species,	 the	woolly	mammoth	 (Mammuthus 







rent	 distinct	 phylogeographic	 structure	 in	 European	 brown	 bears.	
This	process	seems	to	have	started	with	the	early	expansion	of	clade	
1a	 in	mid‐latitude	 Europe,	which	 later	 formed	 a	 part	 of	 a	 diverse	
bear	population	after	the	LGM.	There	are	also	indications	that	bears	
belonging	 to	clade	3	 took	part	 in	 this	early	expansion.	Although	a	
lack	of	data	prevents	to	establish	the	origins	of	these	bears,	a	major	
refugium	for	bears	belonging	to	clade	3	has	been	suggested	in	the	





regions) HP HP/n HPdiv. Nuc.div. (π)
Modern n = 500 34 0.066 0.805 0.054
10,000–0	cal.	years	
B.P.
n = 153 57 0.37 0.958 0.518
20,000–10,000	cal.	
years	B.P.
n = 44 13 0.39 0.853 0.040
>20,000	cal.	years	B.P. n = 42 26 0.6 0.962 0.060
Note.	Abbreviation(s):	HPdiv.:	haplotype	diversity;	Nuc.div.,	nucleotide	diversity.













In	 subclade	 1b,	 the	 most	 notable	 dynamics	 start	 around	
16,000	cal.	B.P.,	with	an	increase	in	bears	carrying	haplotype	1b25	
(Figures	 3	 and	 4).	 After	 this	 point,	 1b25	 was	 widespread	 across	
central	 Europe	 and	was	 present	 as	 far	 north	 as	 Denmark	 around	
6,000	cal.	B.P.	and	in	southeastern	France	at	c.	1,700	cal.	B.P.	Today,	
this	 haplotype	 is	 also	 by	 far	 the	most	widespread	 in	 the	 Balkans.	
However,	despite	the	extensive	spread	of	1b25,	and	of	subclade	1b	
in	 general,	 it	was	 apparently	 preceded	 by	 subclade	 1a	 in	western	
Europe	and	there	are	yet	no	traces	of	1b	expanding	into	the	Iberian	
Peninsula,	the	British	Isles	or	Scandinavia.
Even	 though	 clade	 1	 is	 sometimes	 described	 as	 a	 European	
clade,	recent	findings	from	historical	samples	have	confirmed	its	
presence	in	bears	 in	the	Middle	East,	which	have	been	grouped	
in	a	 separate	 subclade	 (1d)	 (Figure	1;	Calvignac	et	al.,	2009).	 In	
a	 study	on	modern	Turkish	brown	bears,	 both	 subclade	1b	 and	
1d	were	represented	among	three	animals	(Çilingir	et	al.,	2015),	
and	 further	 to	 the	 east,	 samples	 around	 a	 100	years	 old	 from	



















 Western Europe ΦST pΦST Eastern Europe
Modern n = 32 0.391 0.001 n	=	265
10,000–0	cal.	years	
B.P.
n = 32 0.288 0.001 n = 45
20,000–10,000	cal.	
years	B.P.
n = 17 0.266 0.001 n = 13




TA B L E  2  Results	from	AMOVA	test	for	
pairwise	population	comparison	over	time
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The	Skygrid	plot	(Figure	5)	shows	that	the	population	of	brown	
bears	 in	 Europe	 suffered	 considerable	 changes	 through	 time,	 es‐
pecially	after	the	LGM.	The	first	 increase	starting	at	c.	30,000	cal.	
B.P.	 is	 less	 intense,	but	might	have	been	spurred	by	the	extinction	
of	the	cave	bear,	which	could	have	acted	as	a	competitor	over	hab‐






1	 (G1‐1),	which	 is	 characterized	by	a	warming	climate	 followed	by	
a	 rapid	 response	 in	 vegetation	 (Williams,	 Post,	 Cwynar,	 Lotter,	 &	











2015),	 since	 this	would	have	 led	 to	 a	 loss	of	 suitable	bear	habitat	
as	well	as	a	decline	in	wild	prey	species.	It	has	also	been	suggested	
that	 human	 changes	 in	 husbandry	 practices	may	 have	 further	 ex‐
cluded	 prey	 resources	 in	 some	 regions	 (Bocherens	 et	 al.,	 2004).	
Along	with	 the	start	of	 this	overall	decline	 in	 the	bear	population,	
the	 first	 local	 extinctions	 are	 also	 discerned:	 Bears	 belonging	 to	
subclade	 1c	 in	 southeastern	 France	 seemingly	 disappear	 after	 c.	
4,000	cal.	 B.P.	 (Valdiosera	 et	 al.,	 2007).	 In	Denmark,	 brown	bears	
appear	to	have	become	extinct	around	4,800–4,400	cal.	B.P.	(Aaris‐
Sørensen,	2009),	and	 in	 Ireland,	 the	 latest	 radiocarbon‐dated	bear	
has	 an	 age	 of	 3,126	cal.	 B.P.	 (Edwards	 et	 al.,	 2011).	 These	 extinc‐
tions	are	most	clearly	seen	in	western	Europe,	which	is	also	where	
human‐mediated	 deforestation	 first	 started	 (Kaplan,	 Krumhardt,	
&	Zimmermann,	2009).	Areas	 less	suitable	 for	agriculture	and	 less	
accessible	to	humans	seem	on	the	other	hand	to	have	retained	sub‐








Although	 several	 factors,	 both	 environmental	 and	 physiolog‐
ical,	 can	 influence	δ15N	 levels	 in	bears	 (Bocherens,	2018;	Krajcarz	
et	al.,	2016),	our	results	from	the	stable	isotope	analysis	are	in	line	
with	previous	 studies,	which	 indicate	a	 significantly	higher	degree	
of	carnivory	in	European	bears	before	the	LGM	(Bocherens,	2015;	
Münzel	et	al.,	2011).	Our	data	also	broaden	the	temporal	 range	of	
this	 pattern	 with	 relatively	 higher	 δ15N	 values	 prevailing	 before	






Another	 possible	 reason	 for	 the	 higher	 δ15N	 values	 seen	 before	
30,000	cal.	B.P.	could	have	been	an	adaptation	to	colder	and	more	
barren	habitats	that	would	have	been	common	in	Europe	in	the	Late	









Overall,	 our	 study	 highlights	 the	 importance	 of	 using	 ancient	
DNA	for	unraveling	 long‐term	processes	underlying	the	phylogeo‐
graphic	 structures	 seen	 in	modern	 populations	 (Pääbo,	 2000).	 By	
combining	 genetic	 and	 isotopic	 analyses,	 we	 have	 identified	 pre‐
viously	 undetected	 dynamics	 in	 the	 European	 brown	 bear,	 which	
points	to	notable	impacts	from	the	changing	presence	of	both	cave	
bears	 and	modern	humans.	We	predict	 that	 further	 analyses,	 em‐
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